The human auditory system has difficulty localizing sound in aquatic environments, where the acoustical properties of water greatly impede normal methods of binaural localization. Apparent interaural time differences are smaller in water than in air for sound sources at a given azimuth. In water, the head is no longer approximately rigid. In the current study, a new computational model, capable of predicting interaural time and level differences (ITDs and ILDs, respectively) for sounds encountering a non-rigid sphere in diverse environments, is used. For experimental validation, a hollow steel sphere with antipodal hydrophones for ears is exposed to noise bursts in an underwater environment. The sphere can be filled with various materials to alter the apparatus' rigid qualities. ITDs and ILDs will be calculated from recordings of these noises and compared to a theoretical model for sound propagation around rigid and non-rigid heads in an effort to better characterize binaural hearing in underwater surroundings. Both the model and the experiment will be introduced in this presentation. The findings have significant implications for the future development of reliable methods for improving sound localization in underwater environments, for instance for recreational divers.
INTRODUCTION
Human listeners with brains tuned to localize auditory signals in air find that interpreting the same signals in water is all but impossible. If a marine diver is presented with a noise and asked to identify where that noise came from, the diver finds the task almost impossible to perform at a level of accuracy akin to what a normal hearing listener is used to in air (Norman et al., 1971) . Mammalian listeners depend strongly on detecting the arrival time and level differences between ears in order to localize sound. However, sound travels roughly five times faster underwater than it does in air, creating much smaller time differences than hunam listeners are used to. In addition, the bulk modulus of the head is much more similar to water than it is to air, and so interaural level differences are also much smaller than the auditory system expects. The result is that the listeners' sense of sound localization becomes unreliable. Compounding these difficulties are evidence that the main mechanism by which sounds arrive at the inner ear while underwater is not through the outer and middle ear, but via bone conduction (Hollien and Brandt, 1969; Qin et al., 2011) . A diver who hears a speedboat motor, for example, is well advised to stay underwater until the boat goes away. Even though the boat may be quite far from the diver's location, the diver cannot tell where the boat is, creating a potentially dangerous situation. A number of maritime organizations, both commercial and military, have an obvious interest in finding ways to improve underwater sound localization.
This research seeks to study how sound propagates and diffracts around the geometry of the human head in diverse acoustic settings in an effort to improve understanding of binaural hearing in underwater environments. The theoretical behavior of how sound behaves around a rigid spherical head in air has been documented by Kuhn (1977) . In that study, Kuhn derives theoretical ITD values for a rigid sphere with antipodal ears. In a comparison with measurements performed on a head-and-torso manikin, there is strong agreement between the two. The assumption that the head is rigid is likely less true for a head in water, since it is reasonable to expect that the bulk modulus of the head is closer to that of water. Kuhn's derivation is likely inadequate in an aqueous environment, where the human head must be treated as a flexible object, necessitating a new set of equations to predict acoustic behavior.
THEORY
The derivation of equations for the acoustic pressure on a rigid sphere are presented in several sources (Rayleigh, 1896; Morse, 1948; Rschevkin, 1963) and are a matter of solving the Helmholtz equation for a radially dependent function A (r):
whose solutions are Hankel functions. For plane waves of wavenumber k and angular frequency ω incident on the sphere, the incident waves p i may be expressed in spherical coordinates as a function of the azimuthal angle of incidence θ (i.e. the horizontal angle from the direction the nose is pointing), and distance to the center of the sphere r:
Here, P m (cosθ) are the Legendre polynomials and j m (kr) are spherical Bessel functions of the first kind. The scattered waves p s are spherical and have the form: 
The scattered and incident waves p s and p i add in space. The constants a m are weighting functions, and must be determined through application of appropriate boundary conditions.
For a rigid sphere of radius r o , the only boundary condition necessary is that the radial velocity v should be zero at the edge of the sphere:
This boundary condition will yield the coefficients a m . Kuhn (1977) then shows that the total acoustic pressure p tot on the surface of the rigid sphere (r = r o ) at azimuthal angle θ is:
The denominator contains the first derivative of the spherical Hankel function of the second kind. This relationship can be used to predict ITDs and ILDs for plane waves incident on a rigid, spherical head.
A similar approach may be taken for the case of a non-rigid "flexible" head. Such an approach must involve the pressure and and velocity of the wave propogating within the sphere, p andv respectively. The incident and scattered waves are defined exactly as before in Equations 2 and 3. The pressure inside the sphere is derived by Rschevkin (1963) with the reqirement that the particle velocity be finite at the origin to be:
Here, the constantsā m are different from the constants a m . As before, finding these sets of constants involves applying appropriate boundary conditions. These are the continuity of pressure and velocity at the boundary of the sphere:
Here, as it is evident in Equation 5, the actual computation of pressures involves an infinite sum. Fortunately, both a m andā m vanish at high order, so a sufficiently accurate model may be created by cutting off the sum at some sufficiently high index m. The exact limit depends, of course, on the desired accuracy.
COMPUTATIONAL MODELING
A computational model was built using MATLAB to calculate the coefficients a m andā m , the pressures on the surface of the flexible sphere, and the resulting ILDs and ITDs as a function of the plane wave's incident azimuthal angle from the direction of the nose, θ. The model accurately reproduces Kuhn's results for a completely rigid sphere and furthermore predicts the results that simulate an environment where the head behaves as a flexible object. This program will calculate interaural phase, time, and level differences either for a single frequency across a range of incident angles, or for a single incident angle across a range of frequencies. It can implement the rigid or flexible head models, or both simultaneously. The user may alter the size of the head and speed of sound in the surrounding medium. When employing the nonrigid head model, the user also specifies the speed of sound in the head and the densities of the head and the surrounding medium. The accuracy of the calculation can be set by the user, who may specify the number of points to be calculated across the given range of angles or frequencies, and the desired error rate. The error rate is defined as the largest allowable difference in the ILD calculation at each point that results from including an additional term in the sum (in Equation 5 or the associated sums involved in the flexible sphere calculation). A screenshot of the GUI for this program after a sample calculation is shown in Figure 1 . The MATLAB code also comes with a built-in speed of sound calculator which returns the speed of sound in air at various temperatures, or the speed of sound in water for given ranges of temperature, salinity, and pressure (Wong and Zhu, 1995) . A picture of this feature is shown in Figure 2 . 
Limiting Cases
Two important limiting cases can be explored to test the validity of the computational model of the flexible head: (1) the case of a very rigid head, and (2) the case of an acoustically invisible head. The first case can be tested by making the density of the head sufficiently larger than that of the surrounding media. In this case, the results should align with those of the Kuhn model. The ITDs and ILDs for a 1000-Hz plane wave in water (speed of sound 1500 m/s) with a head 30 times as dense as the surrounding water (30 kg/L) is shown in Figure 3 . The same is shown for an incident plane wave of frequency 10000 Hz in Figure 4 . Clearly, the behavior of sound around the head is almost identical to that produced by Kuhn's model for a head 30 times as dense as the surrounding medium, and so the non-rigid head model predicts rigid head behavior at the appropriate limit.
The second case, in which the head is acoustically "invisible" is tested by setting the density of the head and the velocity of sound through the head both equal to that of the surrounding medium. ITDs are still expected to exist and appear sinusoidal, but their magnitude should be less than those of the rigid head model. In this case, ITDs are caused by the direct travel time of sound between the two ears. For sound traveling at 1500 m/s across a head of radius 8.75 cm, the expected peak ITD would be about 0.1 ms. The ILDs are expected to be nearly zero since no head shadow effect should take place. This case is shown for a 1000-Hz plane wave in Figure 5 and for a 10000-Hz plane wave in Figure 6 . In these cases, the ILDs are approximately flat and
